The leaching of nitrogen from fallow, fertilized and unfertilized spring barley, and grass ley was studied in a 4-year lysimeter experiment carried out on clay, silt and sand soils, 
Introduction
Water contamination by nitrates is an increasing concern in Europe and is generally considered to be closely connected with the intensification of agriculture and increasing use of nitrogen fertilizers. The three main pathways in which nitrogen is lost from agricultural fields are leaching, denitrification and volatilization (Scharf and Alley 1989) . Commonly, the greatest losses are due to leaching.
The amount of nitrogen lost due to leaching is extremely variable. Environmental factors, such as precipitation, can drastically change the nitrogen balance within the soil. Low precipitation can lead to extremely low leaching losses. Perennial grass leys have been shown to efficiently take up fertilizer nitrogen, thereby minimizing leaching (BERG-STRÖM 1987) .
The deposition of nitrogen in precipitation has been recorded and included in nitrogen balance studies in Central Europe for many years. In Finland, the deposition ofnitrogen is commonly lower than 10 kg ha' 1 a' 1 (Leinonen and Juntto 1992) .
Therefore, this is no important factor in nitrogen balance studies in Finland. The major input of nitrogen comes from the fertilizers, in Finland about 100 kg ha' 1 a' 1 during the last few years on average.
The aim of the present study was to investigate the effects of different vegetations, barley and perennial grass ley, compared to bare fallow on the leaching of nitrogen in the different soils. The experiment consisted of fertilized and unfertilized treatments with and without irrigation because nitrogen leaching can be highly affected by irrigation. In order to facilitate the comparison of nitrogen behaviour in different soils under identical experimental conditions, a lysimeter field established in 1981 by Jaakkola (1984) was used in this study.
Use of 15 N-labelled fertilizer enables discrimination between fertilizer nitrogen and other plantavailable nitrogen in the soil. Therefore, 15N-labelled ammonium nitrate applied in the first experimental year was used in this experiment.
Material and methods
The lysimeter field, described in detail by Jaakkola (1984) , consisted of 96 containers, 0.9 m in diameter and 1.7 m deep. The soils in the lysimeters were clay, silt, sand and Carex peat. Twenty-two lysimeters were filled with each soil (Table 1 ). In addition, two lysimeters of each soil were taken as undisturbed monoliths. The experiment was established in spring 1983 at the same time in 20 filled lysimeters for each of the four experimental soils. The trial comprised irrigated and unirrigated treatments (replicated twice) as follows: in 1983-1986: 290 mm (1983) , 320 mm (1984) , 390 mm (1985) and 480 mm (1986) . In the beginning tap water was used. Since 4.8.1983 deionized water was used up to the end of the experiment.
The precipitation measured in the meteorological station 1 km away from the lysimeter field was during the experimental years as follows:
Precipitation, mm 1983 13.5,1983-7.5.1984 1984 7.5.1984-9.5.1985 1985 9.5.1985-5.5.1986 1986 5.5.1986-3.6.1987 554 726 542 665
Total 2487 mm
The results of water drainage and nitrogen leaching presented here are based on the experimental years, defined as a period between the beginning of two subsequent growing periods.
Management of the experiment
The top soil (20 cm) in each lysimeter was "ploughed" with a spade in autumn 1982. The next spring the surface soil of fallow lysimeters was raked up gently. The top 5 cm layer from each lysimeter was put aside and the fertilizers were applied to furrows surrounding the middle point of the lysimeter. After filling the furrows the seeds of barley (cv. Kustaa, 470 seeds per m 2), sown in four rows surrounding the middle point of the lysimeters, were covered with the soil initially put aside, and the soil was compacted slightly. The seeds of timothy and meadow fescue were sown on the surface of the soil. The crop grown in the lysimeter was grown also on the soil surrounding the lysimeters, and the surrounding of fallow lysimeters was fallowed. During the growing season the fallow was harrowed gently with a rake in order to keep the soil surface free from any vegetation. From barley stand, weeds were taken away by hand.
Mature barley was cut into short stubble. The yields of grain and straw were weighed and sampled for the determination of moisture and nutrient content. After harvesting the soil in the barley and fallow lysimeters was "ploughed" with a spade to the depth of 20 cm.
In 1984, the barley and fallow lysimeters were managed as in the previous year. The soils were treated as in the previous autumn and from the spring thereafter the same cultivation measures were repeated as in 1984.
The soil samples, four cores in each lysimeter to the depth of 115 cm, were taken after finishing the experiment in the spring 1987. The cores were divided into six layers for IS N analysis. The water drained through the lysimeters was collected in polyethylene cans. The cans were weighed and emptied as often as necessary, in the summer usually once every two weeks. At the same time, onelitre water samples were taken from each can for laboratory analyses. In some years, especially in the autumns when water was abundantly percolated through the lysimeters, it was necessary to combine successive water samples in order to diminish the number of analyses. Water samples were pooled in the same proportion as the water drained.The water samples were stored at +4°C and analyzed as soon as possible. The water samples containing labelled iS N were deep-frozen until determination of IS N.
Analytical methods
The plant samples were analysed for total nitrogen with the Kjeltec system (Tecator, Sweden i N/ 14 N ratio was calculated. The analytical methods have been described in detail by Jaakkola (1985) . The nitrogen taken up by the plant from the fertilizer was calculated according to method described by Jaakkola (1985) . The water samples were analyzed for total, nitrate and ammonium nitrogen by an AKEA autoanalyzer (Datex, Finland) according to the methods described by Jaakkola (1985) , and Jaakkola and Yläranta (1985) . 
Results
In the fertilized lysimeters the barley grain yields varied from year to year and in different soils from 2500 to 5500 kg ha'
The yield variations were great in unfertilized lysimeters. The total dry matter yields harvested, i.e. the sum of grain and straw yields was in some cases over 10 000 kg ha' 1 . In monolith lysimeters they were commonly smaller than in respective fertilized and filled lysimeters. In the fertilized lysimeters the annual grass yield varied from 2900 to 7000, in the unfertilized ones from 1000 to 4100 kg ha' 1 dry matter. On average, the effect of irrigation on the barley and grass yields was small. The highest uptake ofnitrogen by plants was in grass treatments (Fig. 1) . The effect of irrigation on the nitrogen uptake was small.
During the whole experimental period, 600-2700 mm of water was drained through the lysimeters. The highest drainage, 2700 mm during four years, was measured in the fallow treatment. The irrigation increased clearly the water drainage. In unirrigated lysimeters the drainage was highest in clay and peat soil, i.e. 1000-1500 mm, and lowest in silt Treatments: 1 and 5 = unfertilized; 2 and 6 = unfertilized+irrigated; 3 and 7 = fertilized; 4 and 8 = fertilized+irrigated. In grass treatments the yields in 1983 are the sum of barley straw and grain. Because of the failures in treatments 2 and 6 in clay lysimeters, nitrogen uptake in 1986 is not presented. soil (Fig. 2) . The drainage was 100-300 mm higher in unfertilized lysimeters than in the fertilized ones.
The water drainage through the soil was slightly smaller in unirrigated fertilized monolith lysimeters grown barley than in respective filled lysimeters, mm in [1983] [1984] [1985] [1986] [1987] The nitrogen leaching was highest in fallow, varying, however, widely during different experimental periods and in the different soils (Table 2) . In most cases the irrigation increased greatly the leaching. The losses during four years were greatest in irrigated sand soil (440 kg ha' 1 ), where the water drainage was 2450 mm. The nitrogen leaching was lowest in peat fallow. However, the concentration of nitrate nitrogen in drainage water samples exceeded only twice slightly the EEC limit for potable water of 11.3 mg F 1 (EEC 1980). Crops decreased effectively nitrogen leaching, grass more than barley. In cropped, unfertilized treatments the nitrogen loss was greatest in sandy soil growing barley (Fig. 3) . Usually fertilization affected the N losses slightly, whereas irrigation increased them clearly.
On average, more than 90% of the nitrogen leached through the lysimeters in the mineral soils was in the form of nitrate and commonly less than 1% in the form of ammonium. The form of the rest ofnitrogen leached was not determined. In cropped peat, less than half of the total nitrogen leached consisted ofnitrate and ammonium nitrogen. Obviously, a great portion was in organic form. The proportion of nitrate and ammonium nitrogen compared to the total nitrogen leached was in fertilized Because of the failures in the functioning of filled clay soil lysimeters and, conseguently the lack of data in some experimental period, it was impossible to give total nitrogen and nitrate values for them.
During four experimental years, the total recovery of the '■'N-labelled nitrogen varied from 65 to 93% (Fig. 4) . In the barley grain and straw, 41-60% of the nitrogen added in 1983 was recovered (Fig.  4) . The main part of recovered nitrogen, 70-80%, occurred in the grain. The uptake of labelled nitrogen by barley was smallest in peat soil, slightly over 40%. Of the total uptake, the first-year barley took up 91 -96%. The uptake did not vary considerably in different soils, but it decreased with time. In the last growing season, 1986, less than 1% of the labelled nitrogen added in 1983 was recovered in barley grain and straw on average. Barley was sown as a companion crop with grass ley. Therefore, in grass lysimeters labelled nitrogen was analyzed in 1983 in barley grain and straw. In those treatments 42-60% of labelled nitrogen was recovered, which equals to the amounts found also in lysimeters grown continuous barley. During later growing seasons the grass ley took up totally 4-7% of the labelled nitrogen. Thus, the total uptake by grass was 44-66%.
The leaching oflabelled nitrogen was very small was analyzed in waters drained through the barley and grass lysimeters, respectively (Fig. 5) . The losses from the barley lysimeters during the last year were relatively great in mineral soils. Thus, some more fertilizer nitrogen would probably be leached during the next few years. The soil analysis made at the end of the experiment helped to some extent to understand the fate of ls N-labelled nitrogen. In mineral soils, 9-22% (kg) of the originally added nitrogen was recovered (Table 4 ). The respective figure was in peat soil 3-47% or 2-24 kg. Most of the fertilizer nitrogen retained by the soil at the end of the experiment was recovered in the top layer (0-20 cm), 68-82% and 44-64% in mineral and peat soils, respectively.
Even tens of percents of 15 N-labelled nitrogen was missing. Part of it was probably fixed in the roots of plants which were not analyzed in detail.
On the other hand, part of fertilized nitrogen fixed in the roots has inevitably been included in the soil analysis. The analytical errors considered, the fate of unrecovered labelled nitrogen added to the lysimeters at the beginning of the experiment still remains unclear. Most of it is possibly denitrified and thereby volatilized into the air. Because the denitrification was not measured, no figures could be given.
Discussion
The main part of IS N-labelled nitrogen was taken up during the first experimental season, and 59-40% of the added nitrogen was not recovered in the yields. Barley took up 91-96% during the first year.
The figures were about the same in the barley and grass-after-barley lysimeters. These results agree very well with the results reported by Webster et al. (1986) . In the first growing season, in their experiment, shoots of winter wheat at harvest contained 46 and 58% of the fertilizer nitrogen applied to the clay and sandy loam soils, respectively. In the following year the crops contained 1-2% of the labelled fertilizer. The leaching and surface run-off of nitrogen is almost equal in Sweden and Finland, 18 and 15 kg ha, respectively (Nordiske seminar-og arbejdsrapporter 1992). These leaching values are similar to those measured in the cropped mineral soils in this experiment. However, the nitrogen leaching in peat soils was in our experiment much smaller. The use and also the leaching of nitrogen are clearly greater in Denmark than in the other Nordic countries. For instance, Simmelsgaard (1985) has reported for the coarse sandy soil the average yearly estimate for nitrogen leaching to be 44 and 47 kg of N per hectare for irrigated and unirrigated grass, respectively.
Slightly less water was drained from the undisturbed soil profiles in the monolith lysimeters than from the lysimeters filled with loose soil and compacted artificially. However, more nitrogen was leached from the silt and peat monoliths than from the corresponding filled lysimeters. In sand the difference was opposite. This agrees with the results reported by Bergström (1987) . In silt and peat soil the nitrogen leaching was clearly higher in the monolith lysimeters than in the filled lysimeters but in sand soil twice that in monoliths. Especially the functioning of filled peat lysimeters was obscure. Therefore, the use of monolith lysimeters with undisturbed soil structure would most likely be the best way in leaching experimentation with lysimeters. According to Goulding et al. (1990) , lysimeters, ceramic probes and soil sampling do not seem to give similar estimates of nitrate leaching.
The nitrogen mobilized from fallow is at risk to leaching (e.g. LONG and HuCK 1980), as it was in our experiment, because there is no crop uptake of water and nitrogen mineralized from soil organic matter over summer and autumn period. The high water drainage enhanced the nitrogen leaching.
The mechanism of nitrogen leaching seems to be complicated, because only a minor part of leached nitrogen comes from the fertilizer. MacDonald et al. (1989) reported that for soil growing winter wheat almost all of the nitrate at risk to leach over the winter period comes from mineralization of organic N, not from unused fertilizer applied in spring. This agrees very well with our findings, as only 0-2.3% (0-2.3 kg ha' 1 ) of labelled nitrogen was recovered in water drained through the lysimeters, whereas tens of percents of labelled nitrogen was recovered in soil at the end of the experiment.
The small leaching of fertilizer nitrogen after the application has been published in many other papers, e.g. Dowdell et al. (1984) , Webster et al. (1986) and Dressel and Jung (1990) . Little of the nitrogen applied in the spring to a cereal crop is leached before passing through the immobilizationmineralization cycle, and the nature of this process ensures that a single application makes only a small immediate contribution to the nitrate in drainage water. In the experiment conducted by Webster et al. (1986) , leaching losses over 5 and 6 years from the clay and sandy loam soil were respectively 1.3 and 3.9% of the original application.
The small leaching losses ofnitrogen in the years followed by nitrogen application seem to be true also for high rates of nitrogen application. Over 3 years of the experiment in grassed monolith lysimeters. 0.14%, 3.1% and 18.1%of the applied ammonium nitrate fertilizer was recovered in the leachate at 250, 500 and 900 kg ha' 1 a' 1 of N, respectively (Barraclough et al. 1984) . Goulding et al. (1990) have given a very interesting picture of the influence of long-term application of nitrogen on the concentration of nitrate in leaching waters. They report that concentrations of NO3-N in drainage water are very much dependent on soil type and cropping, and they have changed little in the last 10 to 20 years despite increasing applications of fertilizer N.
Macdonald et al. (1989) reported that on average 17% of the N from spring-applied l s N-labelled fertilizer remained in the 0-23 cm soil layer at harvest but only a small proportion was in inorganic form (ammonium+nitrate). This confirms our conclusion very well, too. Obviously, most of the nitrogen remaining in the soil is converted into organic form by soil micro-organisms and therefore fixed in soil.
The loss of nitrogen caused by denitrification is very difficult to determine exactly. Therefore, we did not have any opportunity to analyze the possible loss of fertilized nitrogen in the denitrification processes. According to the laboratory study conducted by Yläranta and Jaakkola (1985) , the possible loss of fertilized nitrogen can be as much as 10-20%. This is about the same as the value calculated from the output values given for Sweden and Finland (Nordiske seminar-og arbejdsrapporter 1992).
In the experiment conducted by Colbourn (1985) , denitrification losses from a clay soil in Southern England from direct-drilled land averaged 5-10 kg ha' 1 a' 1 of N with great seasonal variation.
Smaller gaseous losses of nitrogen from soils cropped with wheat, 1-3 kg ha' 1 a 1 of N, have been published by Aulakh et al. (1983) . Losses of nitrogen from summer fallow fields were 2-5 times higher than when the same fields were cropped. The rate of gaseous N losses increased from 6 to 10 times following rainfall events. The nitrogen balance calculations in our lysimeter experiment are not very accurate, because of errors accumulating from plant, water and soil analysis. Therefore, the figures which could be calculated from nitrogen balance values for nitrogen volatilization and denitrification are uncertain but do not disagree with the studies referred to above. Lysimetrikoe osoitti selvästi, että kohtuullisen typpilannoituksen vaikutus typen huuhtoutumiseen viljelymaista on vä-häinen. Sen sijaan kesantopellosta, jossa ei viljellä lainkaan kasveja, typen huuhtoutuminen saattaa olla runsasta.
Lannoitetypestä vain noin puolet kertyi lannoitusvuonna ohran maanpäällisiin osiin lopun jäädessä pääosin maahan tai haihtuessa ilmaan. Lannoitetypen biologinen pidättyminen maahan ja sen siellä läpikäymä ilmeisen monimutkainen prosessi kaipaa tutkimustyötä. Epäselväksi jäi muun muassa se, kuinka monta vuotta lannoitetypen huuhtoutuminen kestää.
Selvittämistä odottaa myös denitrifikaation vaikutus lannoitetypen kohtaloon suomalaisessa viljelymaassa.
